Keywords basidiomycete metabolism; Ustilago maydis metabolism; fungal glycolysis.
Introduction
The basidiomycete fungus Ustilago maydis is the causative agent of corn smut disease (huitlacoche). The disease symptoms are the formation of tumors on the cob of the maize plant (Martínez et al., 2002) . Ustilago maydis has a dimorphic life cycle: during the saprophytic stage the fungus grows in the form of budding yeasts (haploid); when two compatible cells mate, they give rise to the dikaryotic phase (mycelia), which invades the host tissues, forming tumors (galls) where spore formation occurs (Bolker, 2001; Banuett, 2002) . Exposure of U. maydis to changes in environmental conditions such as temperature, humidity, nutriments and oxygen concentration may induce metabolic adaptation to the new external conditions. For example, it has been reported for Saccharomyces cerevisiae grown under anaerobic conditions that carbon starvation causes a major reduction in catabolic capacity (Thomsson et al., 2003; Albers et al., 2007) . Moreover, several enzymes involved in its carbohydrate metabolism are affected during the cell-cycle transition in that yeast (van Doorn et al., 1988) .
For nonconventional yeast (NCY) and filamentous fungi, basic information about glycolysis, its regulation and genes encoding glycolytic enzymes is relatively scarce (Flores et al., 2000) . Recent reports on NCY have emphasized the wellknown differences between filamentous fungi and budding yeast. For example, the glycolytic enzyme activities determined in Debaryomyces hansenii were lower than in S. cerevisiae during fermentation; in addition, the levels of glycolytic intermediaries suggested that ATP-phosphofructokinase (PFK) might be a flux-controlling step in D. hansenii glycolysis . In the pathogenic yeast Candida albicans, the phosphofructokinase also displays low activity as in D. hansenii (Lorberg et al., 1999) . Regarding protein structure, C albicans has two phosphofructokinase isoenzymes that contain N-terminal coils of 180 aa with no counterparts in other yeast phosphofructokinases (Lorberg et al., 1999) ; the function of these extra amino acids is unknown.
Furthermore, several differences have been reported about the number or the structure of the genes encoding the glycolytic enzymes: whereas S. cerevisiae contains two genes for hexokinase (HK) and one gene for glucokinase (GK), whose transcription is regulated by glucose or glycerol (Herrero et al., 1995) , Kluyveromyces lactis has only one gene encoding hexokinase (RAG5) and its transcription is not regulated in the same manner as in yeast (Prior et al., 1993) . Candida tropicalis contains activities for two hexokinases and one glucokinase and the carbon source affects the levels of the former when the fungus is grown in carbohydrates vs. hydrocarbons (Hirai et al., 1977) . Recently, microarray analysis of genes coding for enzymes from primary metabolic pathways indicated important differences in the transcriptional regulation between filamentous fungi and yeast (Breakspear & Momany, 2007) .
Ustilago maydis is used widely as a model for studying the genetic control of mating and pathogenesis (Schulz et al., 1990; Gillissen et al., 1992) ; however, basic knowledge of its central metabolism is still missing. In terms of metabolic traits in this organism, studies have been focused on two secondary metabolites of potential biotechnological interest identified since the 1950's: ustilagic acid is secreted by teliospores, and was first described by Haskins (1950) as an insoluble compound with antibiotic activity, and, more recently, genes emt1 and cyp1 were cloned and the relationship between the expression of the cyp1 gene with the production of the celobiosid lipid was studied (Hewald et al., 2005) . The mitochondrial respiratory chain was studied recently (Juárez et al., 2004) , which contains an alternative oxidase (AOX) whose function is important under stress conditions (Juárez et al., 2006) .
The Ustilago maydis genome has been sequenced completely; however, fundamental metabolic aspects have not been studied; to our knowledge, no reports about glycolysis in this organism have been published. In the present study, we analyzed the glycolytic enzymes and glycolytic flux in U. maydis yeast and mycelia during exponential and stationary growth in rich and minimal medium. Analysis of glycolysis in U. maydis may provide information about the requirements of carbon source and energy metabolism necessary during plant infection.
Materials and methods

Chemicals and enzymes
Enzymes: aldolase (ALDO), glucose-6-phosphate dehydrogenase (G6PDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glycerol-3-phosphate dehydrogenase (Gly3PDH), Gly3PDH/triosephosphate isomerase (GDH/TPI mix), hexokinase, lactate dehydrogenase (LDH), pyruvate kinase (PYK) and PYK/LDH were from Roche (Manheim, Germany); triosephosphate isomerase (TPI) was from SIGMA (St. Louis, MO); and 3-phosphoglycerate mutase (EhPGAM), PPi-dependent phosphofructokinase (EhPPi-phosphofructokinase), 3-phosphoglycerate kinase (EhPGK) and enolase (EhENO) were from Entamoeba histolytica (Saavedra et al., 2005) .
Reagents: ATP, ADP, F6P, fructose-1,6-bisphosphate (F1,6BP), glucose, G6P and NAD(P) 1 were from Roche; Na 3 AsO 4 , cysteine, glyceraldehyde-3-phosphate (G3P), glycerol-3-phosphate (Gly3P), MgCl 2 , NAD(P)H, phosphoenopyruvate (PEP), 2-phosphoglycerate (2PG), 3-phosphoglycerate (3PG), pyruvate (pyr), acetate, imidazole, MES, Tris, HEPES and EGTA were from Sigma; dihydroxiacetone phosphate (DHAP) was from Fluka (Buchs, Switzerland); and CoCl 2 and PPi were from JT Baker (Phillipsburg, NJ).
Strain and culture conditions
The FB2 (a2b2) strain of U. maydis was used in this study (provided 
Preparation of cell extracts
The cells (yeast or mycelia) from 50-mL cultures were harvested by centrifuging at 4000 g for 10 min and washed three times in cold sterile water. The cell pellets were resuspended in 2 mL of lysis buffer [50 mM phosphate buffer pH 7.0, 5 mM EDTA, 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride and 20% glycerol] and 1-2 g of glass beads (0.5 mm, Biospec) were added. The mixtures were vortexed 20 times for 1 min at intervals of 1 min on ice after each mixing. The crude extracts were centrifuged at 100 000 g for 1 h at 4 1C, and the supernatants (cytosolic fractions) were stored at À 70 1C. Protein concentration was determined by the standard Lowry method.
Enzymatic assays
Enzyme activity assays were carried out as described previously (Saavedra et al., 2007) in coupled assays following the NAD(P) 1 reduction or NADH oxidation at 340 nm using a spectrophotomer at 28 1C. The assay buffer contained a mixture of the following buffers: 50 mM imidazole, 10 mM acetate, 10 mM MES and 10 mM TRIS at pH 6.4, except for the 3-phosphoglycerate kinase (PGK) forward reaction, in which 50 mM potassium phosphate was used at the same pH. Care was taken to ensure that the initial velocity was proportional to the concentration of protein (0.3-200 mg of protein extract was used depending on the enzyme) and that the coupling enzymes were not limiting. The reactions were started by the addition of the specific substrates and the basal signal in their absence was always subtracted. All the assays were performed under maximal velocity conditions (at least 10 times the K m values for substrate concentrations, and in the absence of products). A description of the enzymatic assays is given below. For all enzymes, the forward reaction (glycolytic direction) was measured; for some of them, the reverse reaction was also determined.
Hexokinase: 5 mM MgCl 2 , 1 mM NADP 1 , 1 mM glucose, 1-2 U G6PDH, 13-68 mg of cytosolic extract. The reaction was started by 3 mM ATP addition. The K m values were determined by varying the concentrations of glucose between 0.01-3 mM (at 2.7 mM constant ATP) and 0.25-0.8 mM of ATP (at 1 mM constant glucose). For the G6P inhibition assays, the kinetic assay medium contained 10 mM MgCl 2 , 2 mM phosphoenopyruvate, 1 mM ATP, 0.1 mM NADH, 0.45-1 U PYK/LDH and different glucose (0.15-0.5 mM) and G6P (0-30 mM) concentrations.
Hexose-6-phosphate isomerase (HPI): 10 mM MgCl 2 , 1 mM EDTA, 0.15 mM NADH, 1.5-3 U Gly3PDH14.5-9 U TPI (GDH/TPI mix), 0.3-0.45 U ALDO, 1-1.5 U Eh PPiphosphofructokinase, 2 mM PPi, 2.5-10 mg extract. The reaction was started by adding 10 mM G6P. Reverse reaction: 5 mM MgCl 2 , 1 mM NADP 1 , 2 U G6PDH and 4-61 mg of cytosolic extract starting the reaction with 5 mM F6P.
Phosphofructokinase: 5 mM MgCl 2 , 1 mM EDTA, 0.15 mM NADH, 1-3 mM ATP, 0.5-1 U ALDO, 1.5-3 U Gly3PDH -4.5-9 U TPI (Roche) and 30-400 mg of cytosolic extract. The reaction was started by the addition of different concentrations of F6P (1-20 mM). Modulation of phosphofructokinase activity was evaluated with 0-20 mM fructose-2,6-bisphosphate (F2,6BP),10 mM KCl, 20 mM NH 4 Cl, 10 mM dithiothreitol, 1 and 10 mM AMP, 2 mM PPi and 1 mM GTP. For these experiments, the cytosolic extracts were dialyzed previously for 3 h in 1.3 L of 50 mM phosphate buffer at pH 7.0. ALDO: 0.15 mM NADH, 0-0.5 mM CoCl 2 , 1.5-3 U Gly3PDH1 4.5-9 U TPI, 13-177 mg of extract. The reaction was started by adding 2 mM F1,6BP. Different concentrations of CoCl 2 (0-0.8 mM) and ZnCl 2 (0-0.5 mM) were also tested.
TPI forward reaction: 2.5 mM EDTA, 1 mM NAD 1 , 5 mM cysteine, 10 mM arsenate, 3.2-7.4 U GAPDH and 2-6 mg extract. The reaction was started with 5 mM DHAP. Reverse reaction: 2.5 mM EDTA, 0.15 mM NADH, 1.7-3.4 U Gly3PDH, 0.3-55 mg protein cytosolic extract. The reaction was started by 4 mM G3P addition.
GAPDH: 1 mM NAD 1 , 5 mM cysteine, 10 mM arsenate, 2.5-121 mg cytosolic extract. The reaction was started by 3 mM G3P addition.
PGK: 5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 0.7 mM NAD 1 , 1 mM ADP, 1.6-3.2 U GAPDH, 0.3-34 mg protein cytosolic extract. The reaction was started with 3 mM G3P.
3-Phosphoglycerate mutase (PGAM): 5 mM MgCl 2 , 0.15 mM NADH, 1.2 mM ADP, 1 U PYK-2.5 U LDH (PYK/ LDH mix, Roche), 2.5 U EhENO (Saavedra et al., 2005) , 2-60 mg cytosolic extract. The reaction was started with 4 mM 3PG. The dependency of 2,3-bisphosphoglycerate (2,3BPG) was determined in this assay at concentrations of 0.12 and 0.24 mM of the cofactor and using the dialyzed extracts as described above.
Enolase (ENO): 5 mM MgCl 2 , 1.2 mM ADP, 0.15 mM NADH, 0.45 U PYK/LDH, 6-200 mg extract. The reaction was started with 1 mM 2PG.
PYK: 10 mM MgCl 2 , 0.15 mM NADH, 1.25 mM phosphoenopyruvate, 2.5 U LDH, 13-90 mg of cytosolic extract; the reaction was started with 3 mM ADP. To determine the K m value, phosphoenopyruvate was varied between 0.005 and 1 mM (3 mM constant ADP) and ADP between 0.01 and 3 mM (1.25 mM constant phosphoenopyruvate). The activator fructose-1,6-bisphosphate (F1,6BP) was assayed at 0.24 and 1 mM.
G6PDH: 10 mM MgCl 2 , 1 mM NADP 1 , 6-30 mg of cytosolic extract. The reaction was started by adding 1 mM G6P.
Gly3PDH: 0.15 mM NADH, 6-30 mg cytosolic extract. The reaction was started by adding 2 mM DHAP.
Glycolytic flux determination
The end products of U. maydis glycolysis have not been reported. We were not able to detect lactate and ethanol, either intra-or extracellularly (data not shown); however, we found that pyruvate was profusely excreted into the medium by U. maydis yeasts; therefore, the glycolytic flux was considered as the rate of pyruvate excreted into the medium. Cells from 50 mL YPD or MM cultures (exponential and stationary stages) were washed and resuspended in 10 mL phosphate-buffered saline (PBS) buffer pH 7 at 30 1C; the cell density was determined by turbidimetry (considering that A 600 nm = 1 equals 5 Â 10 5 U. maydis cells mL À1 ).
Five milliliters of the cellular suspension was supplemented with glucose at a final concentration of 50 mM; the remaining 5-mL fraction was used as a control. The cells were incubated at 30 1C under shaking and 1-mL samples were withdrawn at regular time intervals and centrifuged at 10 000 g. The supernatant was stored at À 70 1C. Pyruvate was determined by enzymatic analysis in a spectrofluorometer (Shimadzu, Kyoto, Japan). The enzymatic assay consisted of 50 mM HEPES-1 mM EGTA pH 7.4, 0.15 mM NADH and 50-200 mL sample. The reaction was started by addition of 2.5 U LDH. Because pyruvate degradation was observed on treating the samples with perchloric acid (PCA), the extracellular media were used directly without previous treatment. PBS buffer without cells did not reveal pyruvate. The cellular protein content as determined by the Lowry method was 0.95 and 0.85 mg per 1 Â 10 7 cells grown in YPD and MM media, respectively.
Database mining
The amino acid sequences of the U. maydis glycolytic enzymes were obtained from the genome sequence database (http://www.broad.mit.edu/annotation/fungi/ustilago_maydis) using the Gene or the Protein Family domain search tools. The sequences were aligned using CLUSTALW and BLAST tools with the corresponding protein amino acid sequences mainly from S. cerevisiae and filamentous fungi.
Results and discussion
Glycolytic enzyme activities in U. maydis yeast The V max value of an enzyme is a direct measurement of its concentration according to the expression V max = kcat[E]t, where kcat is the enzyme turnover number and [E]t is the total concentration of active enzyme; thus, the V max value determined in a cellular extract under saturating concentrations of substrates (at least 10 times the K m value) is an indicator of the content of active enzyme in a cell. However, one should be aware that the V max value may be the result of more than one isoenzyme expressed in the cell. Moreover, the V max value can be modified by the action of modulators (activators or inhibitors) or by covalent modification. Therefore, caution should be exercised when interpreting the meaning of V max values of enzymes that have isoforms or that have allosteric modulation of the catalytic capacity.
To advance in the description, and understanding, of the U. maydis yeast glycolysis, the V max values of the glycolytic enzymes were determined in cytosolic extracts prepared from cells grown in rich and minimal media and harvested either at the exponential or the stationary growth stage. The activities were measured at pH 6.4, which is the cytosolic pH of U. maydis yeast (J.P. Pardo, pers. commun.), and the corresponding values are shown in Table 1 . It can be noted that most of the enzyme activities of cells grown in MM medium for 48 h were 1.5-3.2 times higher than those shown by cells grown in YPD medium, with the exception of ALDO, which did not change, and PGAM and PYK, which diminished their activities by 30% and 50% in MM medium, respectively.
The higher enzyme activity in cells grown in MM medium and stationary phase was probably due to the depletion of nutrients, which might induce their gene expression and that are in excess in the yeast extract and peptone components of the YPD medium. The requirement of glycolytic intermediaries for the de novo synthesis of amino acids for proteins, hexosephosphates for carbohydrate storage (in the form of trehalose), ribose-5-phosphate (for nucleotides) and triosephosphates for triglycerides might explain the increase in glycolytic enzyme activities, which in turn could promote an increase in the glycolytic flux and intermediary concentrations to supply these glycolytic branches.
In S. cerevisiae, glucose has a repressor effect on the transcription of genes encoding Krebs cycle enzymes to preferentially metabolize this substrate through anaerobic fermentation; on the other hand, during glucose starvation the same genes are upregulated (DeRisi et al., 1997) . However, such a scheme of transcriptional regulation does not seem to operate in other filamentous fungi. For instance, it has been demonstrated that the carbon source in complete and minimum media or acetate medium causes differential regulation in central metabolic genes of Neurospora crassa (Aign & Hoheisel, 2003) , whereas Trichoderma resei displays a preference for full carbohydrate oxidation through oxidative phosphorylation (Chambergo et al., 2002) .
A completely opposite pattern was observed in cells harvested in the exponential growth phase, where the enzyme activities in cells grown in YPD were 1.5-6 times higher than in MM medium. The increase in glycolytic activities in cells grown in YPD medium for 18 h was not due to an increase in biomass production as no significant changes in the cell growth behavior at the 18-and 48-h points between YPD and MM media were found (data not shown). These observations suggested that U. maydis yeast metabolism cultured in YPD medium was enhanced to thus be able to support the high demand of energy and intermediates during the exponential growth for cellular proliferation. Therefore, it is probable that cellular growth in different media underlies important modifications in the metabolic pathways' enzymes and fluxes to adapt to the external conditions.
The V max values of glycolytic enzymes in U. maydis (Table 1) were compared with the activities reported for Suillus bovinus mycelia (basidiomycete and mycorrhizal fungus) grown at 25 1C for 5-6 days in the dark in MM medium supplemented with glucose (Kowallik et al., 1998) , D. hansenii (ascomycete fungus) grown at the stationary stage in YPD at 30 1C and S. cerevisiae yeast (ascomycete fungus) obtained from compressed yeast (Teusink et al., 2000) or grown to the stationary stage in YPD medium . Although U. maydis physiology is frequently compared with that of the well-studied S. cerevisiae, it is evident that the active enzyme content and the type of glycolytic enzymes in U. maydis were more similar to the enzymes present in S. bovinus and D. hansenii. For instance, the lowest phosphofructokinase activities were found in U. maydis, S. bovinus and D. hansenii (0.05-0.068 U mg À1 protein) whereas S.
cerevisiae exhibited one order of magnitude higher activities (0.22-0.68 U mg À1 protein). Moreover, U. maydis and S. bovinus ALDOs were metal dependent (class II) and PGAMs were 2,3-bisphosphoglycerate independent, whereas S. cerevisiae ALDO was class I and PGAM was cofactor dependent (see below).
Enzyme activities of glycolytic branches
The activities of two important glycolytic branches, G6PDH for the pentose phosphate pathway and Gly3PDH for triglyceride synthesis, were also determined (Table 1) . G6PDH activity was twofold higher in the cells grown for 48 h in MM medium, an increase similar to that displayed by the rest of the glycolytic enzymes under this condition and that could be related to an increase in the flux through this branch, to cope with the requirements of ribose-5-phosphate for nucleotide synthesis. Although Gly3PDH activity was as high as that of the other glycolytic enzymes, its activity remained constant in YPD or MM medium.
Glycolytic enzyme activities in the U. maydis mycelial form A mycelial form of U. maydis can be induced by decreasing the pH of the culture medium (Ruiz-Herrera et al., 1996) . Formation and growth of the mycelial form was consistently obtained only in MM medium adjusted to pH 3.0; therefore, the cells were grown under this condition for 48 h and the cytosolic extract was obtained in a manner similar to that described for the yeast form to analyze glycolysis and glycolytic enzyme activities (Table 1) . Most of the glycolytic activities of the mycelial form displayed V max values similar to those obtained for the yeast form and, particularly, no differences were found between the mycelial and the yeast forms regarding the expressed enzyme class of ALDO (metal dependent) and PGAM (2,3-bisphosphoglycerate independent). Remarkably, the phosphofructokinase and PGAM activities were 9 and 10 times higher than those determined in yeast cells. This last observation validated the kinetic assay used to determine the phosphofructokinase activity in the 
Glycolytic flux
The final products of carbohydrate metabolism in U. maydis are not known. Ethanol and lactate were not detected intraor extracellularly in yeast cells (data not shown). Therefore, pyruvate formation was chosen as indicative of glycolytic flux, although it should be emphasized that other fluxes (glycolytic branches such as trehalose and amino acid synthesis as well as Krebs cycle activity) may significantly affect the steady-state concentration of this metabolite. The standard PCA precipitation (3% final concentration) to determine intracellular metabolites did not satisfactorily work for U. maydis yeast because the cells were not broken under this condition; higher PCA concentrations (70%) did not apparently disrupt the cells either, as judged by light microscope inspection, and compromised the stability of some metabolites. However, it was found that U. maydis cells incubated either in the absence or in the presence of 50 mM glucose actively secreted pyruvate into the medium at similar and significant rates (data not shown). This observation indicated that the cells have important carbohydrate storage molecules such as trehalose. The pyruvate production rate in PBS medium supplemented with 50 mM glucose from yeast grown in YPD and MM at exponential and stationary stages was determined (Fig. 1) . After a lag period of 15 min, the pyruvate efflux steadily increased in cells grown in YPD and MM media. The rates of pyruvate secretion [nmoles excreted pyruvate min À1 (mg cellular protein)
À1
] determined at the 60-min time point (at this time, the pyruvate efflux rate was relatively constant and its accumulation was sufficient for quantification) were 0.8 AE 0.3 (n = 3), 2.4 (n = 2) and 1.8 (n = 2) for yeast grown in YPD for 18 h, YPD for 48 h and MM for 48 h, respectively. Yeast grown in MM medium for 18 h showed the fastest pyruvate secretion upon glucose incubation (Fig. 1) ; the calculated rate of pyruvate secretion was 15.4 AE 5.9 nmoles excreted pyruvate min À1 (mg cellular protein) À1 (n = 3), which was 6.4-19.3 times higher than the pyruvate efflux displayed by yeast grown in the other three conditions. Pyruvate efflux in wild-type yeasts has not been described; however, pyruvate secretion was found in S. cerevisiae mutants lacking pyruvate decarboxylase activity. The loss of this activity using glucose as the carbon source brought about a lower fermentation rate, increased pyruvate secretion and slower growth due to the acidification of the medium (Schmitt & Zimmermann, 1982) . Moreover, Candida species grown in human saliva supplemented with glucose rapidly acidifies the medium by secreting pyruvate and acetate (Samaranayake et al., 1983) . The reason for the pyruvate secretion in U. maydis yeast cells remains to be elucidated.
Kinetic characterization of U. maydis key glycolytic enzymes
K m values
The differences in the enzyme activities found between cells grown in YPD and MM media could be the result of the expression of different isoenzymes, which might have different K m and V max values. Indeed, two genes for hexokinase could be identified in the U. maydis genome sequence database, whereas for phosphofructokinase-1 and PYK genes, only one copy was detected. However, other mechanisms to produce more than one isoenzyme from a gene (e.g. alternative splicing) cannot be ruled out. Therefore, to assess a possible variation in isoenzyme expression, the K m values were determined for hexokinase, phosphofructokinase and PYK in extracts from cells grown for 48 h in both media. The reasons for choosing these enzymes are that hexokinase and phosphofructokinase display the lowest activities of all the evaluated enzymes (Table 1 ) and they may be flux-controlling steps of U. maydis glycolysis as have been reported for other fungi (Kowallik et al., 1998; Teusink et al., 2000; Sánchez et al., 2006) or other cellular types (Heinrich et al., 1977; Meléndez-Hevia et al., 1992; Kashiwaya et al., 1994;  Aliquots were withdrawn at different times, the cells were centrifuged and the pyruvate expelled was measured directly in the supernatants by an enzymatic assay. The plot represents the average AE SD of two to three independent batch cultures assayed. Saavedra et al., 2007) . On the other hand, PYK is an allosteric glycolytic enzyme that has been proposed traditionally as a rate-limiting step in this pathway (Newsholme & Start, 1973) . Hexokinase from cells grown in either YPD or MM medium displayed similar K m values for substrates (in mM; YPD medium: K m glucose 0.1, K m ATP 0.32; MM medium: K m glucose 0.08; K m ATP 0.61; n = 1). Similarly, K m values for substrates of PYK did not vary (in mM; YPD medium: K m PEP 0.12, K m ADP 0.42; MM medium: K m PEP 0.33; and K m ADP 0.31; n = 1). Therefore, if the same type of isoenzymes for hexokinase and PYK were expressed in both culture media, it might be possible that the increased hexokinase and PYK activities could be related to an increase in the concentration of enzymes in MM medium. The K m values determined here for U. maydis hexokinase and PYK were similar to the K m values (in mM) reported for hexokinase (K m glucose 0.08; K m ATP 0.15) and PYK (K m PEP 0.14; K m ADP 0.53) of S. cerevisiae (Teusink et al., 2000) , and PYK of Phycomyces blakesleeanus (K m PEP 0.9 mM; K m ADP 0.52 mM) (de Arriaga et al., 1989) .
Marín-Hernández
The U. maydis PYK showed hyperbolic kinetics with respect to phosphoenopyruvate at pH 6.4 (data not shown). PYK from P. blakesleeanus exhibits a hyperbolic behavior with respect to phosphoenopyruvate at pH 6 whereas the kinetics is sigmoidal at pH 7.5 (de Arriaga et al., 1989) . PYK from Neurospora crassa also shows hyperbolic behavior with respect to phosphoenopyruvate at physiological pH (Tsao & Madley, 1978) .
Owing to the low phosphofructokinase activity exhibited in the yeast extracts, it was not possible to determine reliable K m values for its substrates ATP and fructose-6-phosphate.
Modulators
To further extend the kinetic characterization of U. maydis glycolytic enzymes, several effectors were examined.
Hexokinase activity
It is well documented that G6P is a potent inhibitor of hexokinases I, II and III of mammalian cells whereas hexokinases of S. cerevisiae are not inhibited by this product (Cárdenas et al., 1998) . Therefore, U. maydis hexokinase activity inhibition by G6P was evaluated. It was found that the hexokinase K m glucose value (0.45 mM) determined using the PYK/LDH coupling system was higher than the K m glucose (0.1 mM) obtained with G6PDH. This observation indicated that coupling the hexokinase reaction to the ADP generation was not as reliable as coupling it to G6P formation, probably due to the presence of significant ATPase activity. Hence, a reliable and reproducible value for K i G6P was not obtained. However, at subsaturating concentrations of glucose (0.15-0.5 mM), high concentrations of G6P (5-10 mM) were necessary to inhibit the activity by 50%. This result strongly suggested that U. maydis hexokinase might not be inhibited to an extent similar to that of G6P-inhibitable hexokinases (K i G6P 0.03-0.3 mM) (Cárdenas et al., 1998) . Hexokinases of S. cerevisiae also show insensitivity towards G6P (K i G6P 30 mM; Teusink et al., 2000) . On the other hand, trehalose-6-phosphate (Tre6P), an intermediary of trehalose biosynthesis, is the most potent inhibitor of hexokinases of plants and fungi (Blázquez et al., 1993) . Whether U. maydis hexokinase is inhibited by such a metabolite remains to be explored.
Phosphofructokinase activity
As described above, the phosphofructokinase activity was the lowest of all the glycolytic enzymes under all the conditions assayed (Table 1) , although in mycelial extracts, this activity was relatively high (Table 1) . Several ATP (0.1-10 mM) and F6P (1-20 mM) concentrations were used to enhance the activity without success. Therefore, the cytosolic extracts of yeast grown in YPD medium for 48 h were dialyzed to remove possible inhibitors present in the sample and then several effectors were tested (Table 2) . A marginal increase in the activity was obtained using the dialyzed sample. KCl, NH 4 Cl and the most potent phosphofructokinase activators AMP and F2,6BP exerted minor effects on the phosphofructokinase basal activity (Table 2) . Some phosphofructokinases use alternate phosphate donors to ATP (Bloxham & Lardy, 1973; Saavedra et al., 2005) ; therefore, PPi (2 mM), GTP (1 mM) or ADP (1 mM) replaced ATP. However, activity was undetectable. The phosphofructokinase activity was also measured at several pH values (6-8) without success. This low activity suggested that phosphofructokinase might be a potential flux-controlling step in the glycolytic flux of this phytopathogen fungus as also suggested for S. bovinus (Kowallik et al., 1998) and D. hansenii .
ALDO activity
Because the ALDO activity in the U. maydis extracts was detectable only in the presence of Co 21 (Table 1) , it was concluded that this enzyme belongs to class II of fructose-1,6-bisphosphate aldolases, which require a divalent metal for catalysis (Horecker et al., 1972; Marsh & Lebherz, 1992) . The kinetics with CoCl 2 and saturating F-1,6-BP displayed a hyperbolic pattern (data not shown) with a K 0.5 of 9 mM whereas the activity with ZnCl 2 exhibited an inhibitory component at concentrations higher than 0.1 mM (K 0.5 10 mM; K Si 850 mM). Suillus bovinus ALDO also belongs to the class II type aldolases (Kowallik et al., 1998) .
PGAM activity
Two types of PGAM enzymes have been described: the 2,3-bisphosphoglycerate (2,3BPG)-dependent PGAM present in vertebrates and S. cerevisiae and the 2,3BPG-independent PGAM mainly present in plants and archaeas. Both enzyme types are completely different regarding amino acid sequence, mass and reaction mechanisms (Jedrzejas, 2000) . The PGAM activity detected in U. maydis extracts derived from yeast (grown in YPD or MM media) or mycelia (Table  1) did not show dependence on the external addition of 2,3BPG (0.12 mM). In fact, PGAM activity in dialyzed extracts in the absence of the cofactor displayed a twofold increase in the activity with respect to that shown in Table 1 , and this activity was not further increased by 2,3BPG addition (0.12 and 0.24 mM). These results suggested that U. maydis PGAM belonged to the cofactor-independent group.
Amino acid sequence analysis of genes encoding glycolytic enzymes
The amino acid sequences of the corresponding glycolytic enzymes were downloaded from the U. maydis genome sequence database and aligned with the respective amino acid sequences mainly from S. cerevisiae or filamentous fungi (Table 3) . In general, all U. maydis enzymes showed high percentages of similarity to the sequences of organisms in both groups.
Two putative genes for hexokinase were identified (Table 3 ) with a low percentage of similarity between them in the overlapping translated region of 459 aa. The rest of the translated COOH terminal sequences in UM03093.1 encoded for an aldose/ketose reductase with no similarity to hexokinases.
Surprisingly, no HPI gene(s) could be clearly identified in the U. maydis database. BLAST searches with HPI genes from S. cerevisiae, Aspergillus or from other taxa yielded no significant matches. Only by PFAM domain searches two sequences with sugar isomerase (SIS) domains (which are shared with phosphoglucose isomerase domains) were identified. Whether these genes encode HPI enzymes remains to be elucidated.
By sequence analysis, it was confirmed that U. maydis ALDO aligned only with the sequences of metal-dependent aldolases present in some fungi and bacteria and absent in plants and mammals. Unexpectedly, the U. maydis PGAM amino acid sequence (ID sequence number UM05339) displayed higher percentages of similarity (58%) and identity (39%) to the cofactordependent PGAM of S. cerevisiae. This U. maydis sequence contains the reported amino acid residues involved in catalysis (Jedrzejas, 2000) . Although other phosphoglycerate mutase domain protein sequences were found (which include fructose-2,6-bisphosphatase, acid phosphatases and alkaline phosphatases), no similarities were found to the cofactor-independent PGAM sequences reported currently; moreover, these other enzymes do not contain the amino acid residues involved in PGAM catalysis (Jedrzejas, 2000) . This observation was in contradiction with the kinetic results described above, which indicated that U. maydis PGAM was cofactor independent. A possibility is that the cofactor is bound tightly to the enzyme and is not released by dialysis. This hypothesis was not explored further.
Conclusions
The maximal activities of glycolytic enzymes of U. maydis varied depending on the nutritional conditions, growth phase and cellular form (yeast or mycelia), whereas the K m values, preference for activators or inhibitors and dependence on cofactors did not change. These data suggested that metabolic adaptation in U. maydis to a changing nutritional status involves transcriptional regulation of glycolytic genes. This conclusion could be extended to cells growing under saprophytic conditions and cells actively invading the maize grains.
No ethanol or lactate was formed from carbohydrate catabolism in U. maydis, which is a remarkable difference from S. cerevisiae, the yeast species frequently used for comparison with U. maydis. Strikingly, pyruvate was excreted into the media by U. maydis yeast grown in YPD or MM media. Certainly, pyruvate is not expected to be a secreted end product of U. maydis glycolysis, as Krebs cycle and oxidative phosphorylation operate actively in this organism (Juárez et al., 2004 (Juárez et al., , 2006 and, under cellular proliferation, a high metabolite demand is required. The physiological significance of pyruvate efflux as well as the identity of the glycolysis end products remains to be elucidated.
Although the PGAM amino acid sequence, inferred from the gene sequence found in the U. maydis genome sequence databank, suggested that it belongs to the 2,3BPG-dependent type of PGAMs, the kinetics of this enzyme in the cellular extracts, either dialyzed or not, suggested an independence of the cofactor for activity. Attempts to identify other PGAM genes were unsuccessful. Therefore, the gene cloning and kinetic characterization of the recombinant enzyme will help to clarify this discrepancy.
The phosphofructokinase activity was the lowest of all the evaluated enzyme activities (Table 1 ) (although ENO activity was also low, this was probably due to difficulties in the kinetic assay because precipitation at concentrations higher than 0.2 mM 2PG did not allow for a reliable V max determination). Thus, considering the rate of pyruvate production, phosphofructokinase activity appeared to be the main fluxcontrolling step, following the criteria of the lower amount of active enzyme in the cell as well as the lowest affinity for its substrates because high F6P concentrations (20 mM) were necessary to detect such low activity.
According to the metabolic control analysis theory, which allows for the identification of the flux control steps and the quantitative determination of the flux control exerted by each enzyme in a metabolic pathway (Fell, 1997; MorenoSánchez et al., 2008) , several different steps may contribute to control of glycolytic flux. For example, glucose transporter has been identified as the main flux control step (450%), although other steps also exert significant control in S. cerevisiae (Teusink et al., 2000; Pritchard & Kell, 2002; Elbing et al., 2004) as well as in other taxonomically distant cellular systems such as the human parasites Trypanosoma brucei (Bakker et al., 1999) and Entamoeba histolytica (Saavedra et al., 2007) , and in human erythrocytes (Rapoport et al., 1976) and rat cells (Meléndez-Hevia et al., 1992; Kashiwaya et al., 1994) . Therefore, it also seems necessary to determine the kinetic properties of this transporter as well as those of phosphofructokinase in U. maydis yeast to assess their contribution to glycolysis control. Moreover, it is also relevant to determine whether U. maydis hexokinase is inhibited by physiological concentrations of tre6P, because it has been shown that this metabolite plays a key role in the control of the glycolytic flux in S. cerevisiae (Gancedo & Flores, 2004) . The experimental determination of the flux control distribution from U. maydis glycolysis may help to design strategies to modulate its cellular growth.
